The most cornmonly used crystal for temperature-compensated SAW devices is the ST-cut of quartz, which has a parabolic temperature dependence. When frequency stability is required over a wide temperature range, the device is held at the temperature where the slope of the frequency versus temperature curve is zero. Since a device with a cubic dependence can have a much flatter temperature characteristic than a parabolic device; the cubic yields considerable benefits in reducing ovenization requirements in oscillator and filter applications.
I. INTRODUCTION CUBIC dependence of frequency on temperature has been experimentally observed for surface-acousticwave (SAW) delay lines fabricated on X-cut quartz. Temperature-compensated SAW delay lines have application in narrow-band filters and oscillators.
The most cornmonly used crystal for temperature-compensated SAW devices is the ST-cut of quartz, which has a parabolic temperature dependence. When frequency stability is required over a wide temperature range, the device is held at the temperature where the slope of the frequency versus temperature curve is zero. Since a device with a cubic dependence can have a much flatter temperature characteristic than a parabolic device; the cubic yields considerable benefits in reducing ovenization requirements in oscillator and filter applications.
We have observed the cubic temperature dependence for several delay-line oscillators and found that the exact shape of the frequency versus temperature curve depends strongly on the geometry of the delay-line transducers. We present in the following sections the details of our measurements and a discussion of some physical mechanisms that may contribute to the effect.
11. THE CUT The cubic temperature dependence was observed for surface acoustic waves propagating on the X33-cut of quartz [l] . This is a simple X-cut with its surface perpendicular to the +Xcrystalline axis. elastic constants [3] and thermal expansion coefficients to compute the SAW velocity as a function of temperature yields an essentially parabolic curve with a second-order temperature coefficient of -0.0209 PPM/C' and a room temperature turnover. This coefficient compares favorably with the value of -0.032 PPM/C2 for the commonly used ST-cut of quartz.
Unlike ST-cut quartz, however, the X33-cut is a beamsteering cut with the acoustic energy propagating at an angle of +2.7" from the direction of the phase velocity at a temperature of 25 " C . Furthermore, the beam steering is temperature dependent as illustrated by the computed beam profiles of Fig. 1 and the computed data of Table I . Fig. 1 shows the amplitude profile of a SAW beam as it propagates away from an interdigital transducer aperture 50 wavelengths wide. Below 25°C the beam-steering angle becomes greater while at higher temperatures the beam more closely aligns with the phase velocity vector (that is, the beam moves closer to the line perpendicular to the transducer finger elements). The profiles in Fig. 1 were produced by an angular spectrum of waves technique using computed SAW velocity surfaces. Williams et d . [4] have shown that temperature-dependent beam steering can be used to tailor the temperature characteristics of the delay line. By arranging the transducer geometry, we intercept different parts of the beam at each temperature, ultimately achieving improved temperature response.
THE EXPERIMENT
The temperature dependence of the SAW delay lines was measured in two ways. In one technique the delay line was used in a conventional oscillator configuration by including it in a feedback loop around an amplifier. The temperature characteristics were obtained by measuring the oscillator frequency as a function of delay-line temperature. In the second technique the oscillator conditions are simulated by vector network analyzer measurement of the phase and amplitude of the signal passing through the delay line under open-loop conditions. The schematics of Fig. 2 detail the experimental arrangements. For the static temperature characteristics of interest in this study, the controller directs the environmental chamber to establish a stable temperature. The controller then monitors the temperature by interrogating the calibrated quartz thermometer every half second. When the temperature remains within a 0.005"C tolerance for five U.S. Government work not protected by U.S. Copyright minutes, the temperature is considered stable and the controller begins the measurement sequence. For the oscillator technique the controller simply interrogates the frequency counter and records the frequency.
For the simulated oscillator technique, the phase delay through the delay line is measured by the automatic network analyzer at the frequency of the stable synthesized source. The source frequency is then adjusted to drive the transmission phase to within 0.3" of the transmission phase at the reference temperature.
This technique simulates the operation o f a delay-line oscillator but with the capability to accurately measure the delay-line chracteristics independently of oscillator loop components. In essence, frequency and the insertion loss of the delay line can be measured as a function of temperature. The agreement between the two techniques for measuring the frequency sensitivity is very good. The results reported here were obtained using the simulated oscillator technique so that we may present both frequency and insertion loss measurements.
To experimentally explore the effect of delay-line transducer geometry on the temperature dependence of the oscillator frequency, a series of five delay lines was fabricated on a single substrate. For each delay line, two double-electrode transducers were deposited on the X-33 cut quartz substrate. The transducers operate at a center frequency of 333 MHz, where each transducer is 1 13 wavelengths long. The free-surface propagation path between pairs of transducers i : 212 wavelengths long. Metalization consists of a 100-A layer of chromium and 600
A of aluminum. Fig. 3 illustrates the geometry. The central delay line, labeled path 0, has its two transducers aligned with each other. For the delay lines to the left o f the center, labeled paths -1 and -2, the output transducer is translated to the left with respect to the input transducer. The lateral offset for path -2 was chosen to place the center of the output transducer in the middle of the acoustic beam generated by the input transducer. Re- call that this beam steers to the left due to the anisotropy of the crystal. Path -1 is offset by half the amount of the path -2 offset. For delay lines to the right of center, labeled paths + 1 and + 2 , the output transducer is translated to the right by the same increments. In all cases the transducer fingers remain parallel to each other and perpendicular to the phase velocity direction.
Figs. 4 and 5 show the temperature characteristics of the delay lines. The data points were measured at IO" intervals over the range of -15 "C to 105 "C. The temperature is cycled from 25°C down to the minimum temperature, then up to the maximum temperature, and back to 25°C. The curves represent measurements taken over two temperature cycles with the data fit to a least-squares thirdorder polynomial. Fig. 4 compares the insertion loss of the delay lines as a function of temperature. As expected, the delay line with its output transducer offset to the left, path -2, has the lowest insertion loss since this transducer intercepts the acoustic beam at 25°C. At higher temperatures the beam steers right, moving off the transducer, and the insertion loss increases. As the output transducer placement moves to the right, the insertion loss at 25°C increases. However, for these delay lines, paths -l , 0, + l , and + 2 , the beam steers onto the transducer as temperature rises above room temperature. Therefore the insertion loss decreases with increasing temperature. On paths + 1 and +2 the curves show a definite minimum and the insertion loss decreases for lower temperatures.
From Fig. 5 we note the sensitivity of the temperature characteristics of the positioning of the transducers. Referring to Fig. 3 we see that when the transducers are aligned (path 0 ) , the frequency remains relatively stable over the range of 20°C to 105°C. As we displace the output transducer to the right (paths + 1 and + 2 ) the curve takes on the S-shaped cubic characteristic. The curve for path 1 remains within +25 PPM over the range of -5°C to 105°C. For path + 2 the frequency swing is greater. Displacing the output transducers to the left first produces a curve that lookes essentially parabolic in the temperature range (path -I ), while for larger displacement of path -2 the curve returns to the relatively flat shape. transducer lengths, propagation path lengths, and lateral transducer offsets. In all of the cases we have examined, the general features of the loss measurement are consistent with the steering of the beam as a function of temperature. That is, a transducer that is offset in such a way that it is aligned with the beam at room temperature has a lower loss than those which are offset by a lesser amount. As temperature rises above room temperature, the beam steers off the aligned transducer and that delay line becomes lossier. The other delay lines become less lossy at higher temperatures because more of the beam steers onto the transducer.
The frequency versus temperature curves, on the other hand. are not easily interpreted. The shapes of the curves depend strongly on the geometric arrangement of the transducers and the precise temperature characteristic is difficult to predict and must be experimentally optimized for each sample. We attribute this difficulty to variations in the phase of the signals that are intercepted by the receiving transducer as the beam steers with temperature.
To expand on this idea of phase variations we first recall the temperature sensitivity of an oscillator controlled by a simple SAW delay line. Here the frequency of the oscillator varies in such a way to keep the phase of the delayed signal constant. This phase is given by the radian frequency multiplied by the delay time, which leads to the familiar equation
where W is the radian frequency, L! is the SAW velocity, Tis temperature, and I is the propagation path length. For temperature-compensated cuts we require that this equation be zero for at least one temperature. In (1) we implicitly assume that the SAW phase fronts are straight and parallel to both the input and output transducer fingers. However, in a beam launched from a finite aperture, diffraction causes the phase front to distort. Now for a finite-width output aperture with transducer fingers parallel to the input aperture, the amplitude and phase of the received signal varies across the aperture. In addition, each successive finger of the transducer receives slightly different amplitude and phase profiles. With conventional SAW substrates, such as ST quartz, this distortion has a minimal effect on the temperature sensitivity because the profiles intercepted by the transducer fingers do not change significantly with temperature.
With a beam-steering cut the profiles can change substantially with temperature as illustrated in Fig. 1 . The result of the beam steering is that an additional term must be added to the left side of (1) to account for the temperature-dependent transducer phase. This term depends in a complicated way upon the transducer dimensions and placement as well as the temperature. The phasing of the transducer signal may also cause phase cancellation, which leads to the minimum in the insertion loss curves of Fig. 5 . CONCLUSION In summary, we have observed a flat cubic dependence of frequency on temperature for SAWS on X-cut quartz. We have thus shown experimentally that the temperature sensitivity of a SAW cut, which is already temperature compensated, can be improved by adjusting the delay-line transducer geometry. Although we do not yet have an accurate method for predicting the effect, we believe the improvement is caused by the temperature dependence of the phase response of the SAW transducers on the beamsteering SAW cut.
